Abstract. In this paper, a nondestructive testing method for tiny defects in precision welding tubes based on micro-focus CT device is presented, and slice images are obtained. Edge detection and morphology operations were adopted to remove air-ring artifacts in slice images. The removal methods are as follows. First, the canny orthogonal gradient operator was used to obtain the integrated edge of the welded tube. Second, the adaptive morphology method was used to fill the inner area of the welded tube, and mask images were obtained. Finally, the mask images were multiplied with the origin images, and slice images, from which air-ring artifacts were removed, could be obtained. The presented method was feasible. This method is expected to provide a better basis for the segmentation and 3D reconfiguration of tiny defects in slice images of a precision welding tube.
Introduction
Precision welding is widely used in fields such as aeronautics, astronautics, shipbuilding, and other important industries. Precision welding tube involves fine dimensions; the width of the weld is less than 2.0 mm, and the thickness of the weld is only approximately 1.0 mm. At present, argon arc welding is used to joint precision-welded structures, and the materials can be stainless steel or titanium alloy. Under present welding technology, tiny cracks, pores, and lack of penetration easily occur in the welds because of bad protection and the fluctuation of welding process parameters. These defects and their sizes are extremely thin; some of them are only about a few dozen microns in size. Precision welding tube is used in high temperatures and high pressures. If the defects cannot be detected in advance, and people cannot know their spatial features, these defects can lead to catastrophic accidents. Traditional ultrasonic testing cannot be used to detect tiny defects because of detection blind spot. Traditional X-ray testing methods such as X-ray radiography and X-ray real-time radiography cannot detect tiny defects because of their low detection ability and low ability to determine the spatial location of tiny defects. Although industry-computed tomography (CT) scanning has a certain degree of superiority in detecting tiny defects, the thickness of the slices is relatively large and cannot be used to detect defects that are smaller than the slice thickness. Therefore, the nondestructive testing of precision welded structures is a challenging task, and its prospects for engineering applications are significant.
Many researches were done on the image processing, segmentation and classification of weld defects [1] [2] [3] [4] [5] [6] [7] . Heesang Park et al [1] investigated the detection of SCC micro-cracks in the dissimilar metal weld used for nuclear power plant pipes through ultrasound infrared thermography. And the detection results were compared with penetration testing, they found out that it is possible to detect micro-cracks with ultrasonic vibration, but a further research must be done to determine the kinds, depth and length of cracks and the width of defects. Rafael Vilar et al [2] provided an automatic detection system to recognize welding defects in radiographic images, and the defects detection were divided into three stages, they thought that the proposed technique is capable of achieving good results when the best implementation was adopted, but they need to use a regularization method to enhance the performance of the ANN. Marcelo Kleber Felisberto et al [3] developed a new methodology to perform a weld quality interpretation system, which can achieve the weld bead extraction from a digital radiograph, and genetic algorithm was used to choose suitable parameters values. Adopted the detection system, the detected weld beads are correctly extracted from the original image, and the accurate rate can more than 94.4%. But to achieve the goal of detection on curved welds, defect detection and classification of the defect types, further study must be done. Jiaxin Shao et al [4] proposed an effective and adaptive method to automatically detect weld defects using defect tracking in real-time radiographic image sequence of a moving weld. The method was used in factory by testing a sample welded pipe, and the smallest defect which can be detected is about φ0.8 mm. Yan Wang et al [5] provided a method to locate and segment the line defects in X-ray images. They performed Hough transform to remove the noisy pixels and achieve the accurate segmentation and location of the defects. Compared with traditional method, it can achieve the goal of defect detection in noisy and low contrasted images. But the detection speed need be improved in their further work. Alaknanda et al [6] presented an approach to process radiographic images of the weld specimens using morphological method, the different types of defects were segmented, and the detected flaws were categorized according to their properties, this can provide welding processing instruction for actual welding. E. Padilla et al [7] adopted a combination method ofµCT and image analysis to describe the 3D nature of cracks in weld, but only the crack defects were mentioned in the paper, it is needed to study the detection of more tiny defects in their further study.
However, the above studies were mainly conducted to detect and segment defects in weld. Few studies focus on the artifacts remove and 3D reconstruction of tiny defects in precision welding tube.
Therefore, studies on artifact removal and 3D reconstruction of precision-welded structures are crucial to ensure the integrity of important structures. Thus, artifact removal is the basis of other studies. In the present study, we investigate artifact removal in slice images.
The inspection of precision welding tubes based on micro-focus CT testing and the obtained slice images are presented in Section 2. The adaptive removal algorithm of air-ring artifacts in slice images of precision welding tubes is provided in Section 3, and Section 4 describes the processing results of the slice images, which contain tiny welding defects, by using the aforementioned algorithms. Finally, the conclusions and discussion are presented in Section 5.
Experiments
A butt joint was adopted in the precision welding tubes, and the brand of the materials of the base metal and head was 302 stainless steel. Figure 1 shows a partial view of the precision welding tube; the precision tube and head were jointed by argon-arc welding. A filler rod was not adopted in the welding process. Then, the annular weld was formed and the entocoele was closed. A 225 KV micro-focus CT device was adopted to inspect the precision welding tube. The detection system was mainly composed of parts such as the X-ray source system, detector system, image processing system, mechanical scanning system, and security system. Table 1 shows the technical parameters of the X-ray source system. The adopted detector was a Perkin Elmer XRD 0820MN14, and the size of the imaging window was 200 × 200 mm 2 (1024 × 1024). The detector size was 0.2 mm, and a 16-bit A/D transformation was adopted in the system. The mechanical system consisted of five kinematical axes, and the work pieces could be located accurately by using a combined movement of these five axes. The image processing system consisted of an image collection software and image reconstruction software.
The precision welded tube was inspected using the micro-focus CT system, and slice images were obtained. Table 2 shows the adopted detection parameters; Table 3 shows the technical parameters of the micro-focus CT system. Figure 2 shows one slice image (slice 538). Detection parameters are presented in Table 2 . A lack of penetration and a pore exist in the image, and air-ring artifacts, which will influence the accurate segmentation and locating of tiny defects, exist at the edges of the detection image of the precision welding tube. Therefore, removing these artifacts is necessary before defects can be segmented and located. Figure 3 shows the line gray distribution curve of line 630, the location of lack of penetration, and air-ring artifacts marked in the picture. To remove the influences of air-ring artifacts on defect segmentation, the removal algorithm of air-ring artifacts should be studied. 
Adaptive Removal Algorithm of Air-ring Artifacts
To segment tiny defects in slice images of precision welding tubes, the elimination of air ring artifacts is needed. Therefore, we present a method of morphology operation to remove air-ring artifacts and an adaptive method of choosing structural element size to achieve sequence-image processing in the course of image processing. Then, the removal of air-ring artifacts, which will provide a better basis for the segmentation of tiny defects in the precision welding tube, can be achieved. The algorithm procedure is described in Figure 4 .
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The processing results of sequence images Edge Detection. To eliminate air-ring artifacts in slice images of precision welding tubes, edge detection was adopted to extract the edge of the welding tube, and then morphology method was used to remove the images that were located beyond the welding tube edge. In this study, canny operator was used to extract the edge of the welding tube slice image. Three important parameters are as follows: low threshold value (T L ), high threshold value (T H ), and standard deviation (σ) [8] . The ratio of T H and T L was 2:1 or 3:1, and σ was usually 0.5 percent of the image short side. The used parameters of canny operation are as follows: T L =0.25, T H =0.5, and σ=5 (the short side of image was 1024). After the parameters were chosen, edge detection could be conducted. Then, edge connection could be achieved by using morphology dilatation and erosion processing. Finally, morphology relevant operation could eliminate the air-ring artifacts.
Adaptive Morphology Processing. Morphology can be used to process the shape and structure of an object. This method is highly useful in extracting image components. Mathematical morphology theory can be explained as follows [8] . We define A as an image function and B as a structure element.
Gray dilation and erosion of A by B can be defined as follows:
Gray erosion:
Then, the open and close operation of morphology can be derived from Formulas (1) and (2). Open operation:
Close operation:
Considering the definitions of Formulas (3) and (4), we know that the open operation can be used to eliminate fine tips, tubercles, and burrs, whereas the close operation can be used to fill up small cavities, grooves, and cracks.
When the open and close operations were used in the image processing, the structure element size was highly important in achieving the processing objective [9, 10] . Therefore, to achieve the removal of air-ring artifacts for multi-piece images, adaptive morphology processing was conducted in this study. The structure element adopted was a square-style structure element (its size was N×N, for example, and the adopted structure element size was 6×6 in a slice image). The algorithm can be described as follows. First, it searches for the maximum and minimum difference values between the line gray distribution curve and its fitting curve for each line. Second, it searches for the maximum and minimum difference values of all lines in each slice image. Then, it sets the maximum difference value as max, the minimum difference value as min, and the length or width of the optimal structure element size as OSES. Third, it obtains half of the sum of the maximum and minimum values, and calls it l. Finally, the absolute value of l is the OSES for each slice image, which can be expressed by the following formula: max min 2
Using the optimal structure element size to remove the air-ring artifacts in each slice image, the adaptive removal of the air-ring artifacts for sequence slice images can be achieved. The optimal structure element size of each slice image changes dynamically in the course of removing air ring artifacts. The adaptive removal of air ring artifacts cannot be achieved using the same structure element size to process all the slice images. Figure 5 shows the location of certain lines in a slice image. Figure 6 shows the line gray distribution curves before and after fitting, and Figure 7 presents the results of the gray difference between the gray distribution curve before fitting and its fitting curve. The maximum and minimum values are marked in the figure. Figure 8 shows the line gray distribution after air-ring artifact removal. Air-ring artifacts were removed successfully using the provided algorithm, and can be seen through the comparison with Figure 3 .
Experimental Results
Adopting the aforementioned algorithm, we conducted the adaptive removal of air-ring artifacts in the sequence slice images of precision welding tubes. The experimental results are presented as follows. Figure 9 shows the experimental results based on adaptive morphology. Figure 9 (a) presents the results of edge detection; there was much discontinuation in the processed image. Figure 9(b) shows the results of adaptive morphology processing, and an intact edge was obtained by using adaptive morphology processing. Adaptive morphology processing will provide a better basis for subsequent processing. Figure 9 (c) shows the results of morphology filling, and Figure 9 (d) presents the results of air-ring artifact removal; the air-ring artifacts, which can influence subsequent processing, were removed using adaptive morphology processing. Figures 10 and 11 show the processing results when using the improper structure element size. Figure 10 shows the results when the structure element size is relatively large, and Figure 11 provides the results when the structure element size is relatively small. Satisfactory processing results cannot be obtained using relatively large or small structure element sizes. Using the adaptive method, we processed more than 1,000 sequence slice images and successfully removed the air-ring artifacts in the processed images. We believe that this method is applicable to the removal of air-ring artifacts in sequence slice images of precision welding tubes, and will provide a better basis for subsequent defect segmentation and 3D reconstruction. We think that this method can benefit quantitative and spatial locating studies on tiny defects of precision welding tubes. 
Conclusions and Discussion
Precision welding tubes were inspected using the micro-focus CT method. To provide a better basis for subsequent defects segmentation and 3D reconstruction, an adaptive morphology method, which can remove the air-ring artifacts of sequence slice images, was employed. An algorithm that can obtain the optimal structure element size was also provided to achieve the adaptive removal of air-ring artifacts. Moreover, the optimal structure element size of each slice image can be adjusted according to search results. When relatively large or small structure element sizes are used, the removal of air-ring artifacts cannot be achieved. This finding shows that the provided algorithm is feasible for removing air-ring artifacts in the sequence slice images of precision welding tubes. We believe that this method is applicable to the quantitative and spatial locating of tiny defects in the sequence slice images of precision welding tubes. In future studies, we will examine the segmentation and 3D reconstruction algorithm of tiny defects, which can provide valuable reference information for the nondestructive testing and joint integrity evaluation of precision welding tubes.
